The anisotropy of fracture toughness in AA2139 (Al-Cu-Mg) alloy sheet has been investigated via synchrotron radiation computed tomography of arrested cracks in Kahn tear test pieces for different loading cases. The three dimensional distribution and morphology of pores and defects in the as-received state are seen to be anisotropic, with chains of voids and void elongation in the L (longitudinal) direction. For toughness testing in L-T orientation (T is long transverse), voids ahead of the crack grow and link in the L direction. In T-L tests, voids ahead of the crack tip also grow in the loading direction, although a high degree of alignment is retained in the L direction. The present work provides quantitative microstructural data that can be used as input for and validation of recent idealised model formulations, and it is shown that the measured void dimensions and evolution are consistent with measured toughness anisotropy.
Introduction
Fracture toughness is a crucial material design criterion for many high strength materials applications [1, 2] . Historically, two dimensional (2D) surface imaging techniques, such as optical and electron microscopy, have been used to reveal fracture micromechanisms [3, 4] . With recent developments in synchrotron radiation computed tomography (SRCT) it has become possible to visualise fracture mechanisms within materials at a sub-micron scale in three dimensions (3D) [5] .
Classical treatments of ductile crack growth have highlighted the geometrical aspects of damage evolution, particularly in relation to the later stages of void coalescence. The work of Hahn and Rosenfield [6] for example simply identifies the critical condition for fracture toughness with intervoid separation distance and degree of crack tip opening ('void-by-void' growth [7] ). More recent works [8] [9] [10] [11] [12] [13] have recognised the inevitable complications of failure in 'real' engineering materials, where defect/void distributions associated with fracture are often subject to complex patterns of spatial clustering and/or anisotropy, along with wide/multi-modal distributions in size and morphology. To date, even the most complex contemporary treatments of ductile failure [7] [8] [9] [10] [11] [12] [13] involve a variety of microstructural and micromechanical simplifications. In this respect, detailed 3D micromechanical observations of fracture/damage evolution in real microstructures may provide an important basis for parametric initialisation and validation of such models.
The present study focuses on tomographic observation of fracture in an Al-Cu-Mg alloy sheet. The primary application is for airframe manufacture, where toughness and fatigue resistance are critical.
With recent progress in SRCT, several studies on the micromechanisms of failure in Al alloys have been reported. Using in-situ tests Qian et al. [14] highlight the growth of voids and their coalescence during ductile fracture of a notched specimen geometry via SRCT. Fatigue crack closure phenomena have also been observed and quantified by various researchers [15] [16] [17] [18] .
Maire et al. [19] have quantitatively assessed the monotonic growth of voids in a model aluminium matrix composite containing spherical ceramic particles; through careful matching of experimental conditions and parallel model formulation (e.g. in terms of damage volume fraction and triaxiality levels), good accord was obtained between experimental and predicted void growth behaviour.
The present work reports on the novel SRCT observation of ductile crack extension in an anisotropic high strength Al-alloy sheet, going from parent (unstrained) material to the point of coalescence with a propagating crack tip, via the analysis of arrested crack growth specimens. In particular, the relationship between prior defect geometry, spatial distribution and the micromechanisms of failure have been observed for two test orientations.
Experimental
AA2139 sheet was supplied by Alcan CRV with a thickness of 3.2mm. The nominal composition is given in Table 1 . After solution treatment, the plate was stretched by 2%, then aged at 175 °C for 16
hours. The tensile properties of the material such as tensile yield strength (TYS) and ultimate tensile strength (UTS) are given in Table 2 . The plastic anisotropy of the material is very small.
The grain size was obtained from optical microscopy on etched sections using a mean linear intercept method as 60 µm in rolling direction (L), 52 in long transverse direction (T) and 24 µm in short-transverse direction (S).
A field emission gun scanning electron microscope (JEOL 6500F) equipped with an electron dispersive spectroscopy (EDS) analyser was used to assess material microstructures. EDS analysis revealed two populations of intermetallic particles: Al 7 Cu 2 (Fe,Mn) and Al 2 Cu. The particles were strongly aligned as stringers in the rolling direction (L) with stringer dimensions of the order of 15-30 m (cf. 1-10µm in the long transverse direction (T) and 1-6 m in the short-transverse direction (S)). The intermetallic content has been measured via grey value thresholding of field emission gun scanning electon microscope (FEG-SEM) images (backscattered electron mode) to be ~0.004 ±15% (standard error based on repeat measurements at different magnifications).
Cracks were grown to a length of 10mm in Kahn tear test [20] pieces (dimensions: 35mm x 60mm x 3.2mm) in general accord with ASTM B 871 -01: i.e. tests were arrested before final failure of the coupon. At 10mm from the notch the crack is slanted. To facilitate high resolution SRCT imaging of the arrested crack tip region, a small 'stick' of material (dimensions 1mm x 1mm x 10mm) was extracted around the tip at the specimen mid-plane (long dimension parallel to the direction of crack extension) using a slow speed diamond saw, see Figure 1 .
Mechanical testing and subsequent SRCT crack tip imaging has been performed in both the L-T and T-L configurations, i.e. in-plane testing, with loading applied in the rolling and long transverse directions respectively, see Figure 2 . Unit initiation energies (UIE) have been calculated using the crosshead displacement and accounting for machine stiffness. The UIE value for T-L loading is ~ 79N/mm and for L-T loading ~104N/mm .
Tomography was performed at beamline ID 19 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France, at 20.5kV. The facility provides a highly coherent, spacially and spectrally homogeneous beam with a high photon flux. For one volume 1500 radiographs were taken using a high performance CCD camera whilst the sample was turned through 180° (parallel beam conditions) in steps of 0.12°; the typical imaging time per radiograph was 0.7s. Flat-field and dark current corrections were performed and reconstruction was carried out using a conventional filtered back projection algorithm [5] . In the reconstructed slices an isotropic voxel size of 0.7 m was obtained. Phase contrast imaging has been performed to enhance the detection of edges [21] . At ID19 this is a straightforward technique as advantage is taken of the radiation coherence by adjusting the sample-detector distance (13mm in the present work) to obtain near-field Fresnel diffraction effects. Detailed information on the imaging techniques is given in [22] . Subsequent 2D and 3D imaging and analysis was carried out using the commercial software package 'VG Studio Max v1.2' [23] . Use was made of a "sum along ray" visualisation [24] .
Specifically, the imaged volumes containing the crack tip and associated microstructural features have been segmented (in 3D) and shown in isolation from the surrounding aluminium matrix. A 'box-car' transformation is used to fill the crack/defects with voxels of equal grayscale, which are then viewed perpendicular to the nominal crack plane. The "sum along ray" method (see Figure 3) then generates a projection of the crack plane, where the grey level is directly proportional to the crack thickness, i.e. a crack opening displacement (COD) map is obtained. Figure 7 (a). In conjunction with SEM fracture surface assessment, the crack itself is seen to be made up of both coarse voids (of the order of 20µm diameter) and regions of shear decohesion. Coarse voids arise from both intermetallic particle cracking and decohesion, although with the prior presence of pores in the parent material and the observed correlation of intrinsic pores with intermetallics it is clearly difficult to discern the exact origin of each crack tip void (i.e. distinguishing growth of pores that where already present from intermetallic decohesion).
Results

Kahn tear test results
SRCT of the as-received material
SRCT of the arrested cracks
It is discernable from Figure 7 however that a significant proportion of the intermetallics (particularly smaller ones) do not exhibit pores in the immediate vicinity of the crack. Figure 10) , with the morphology of these implying that just ahead of the crack tip pore chains which existed in the L direction prior to testing have coalesced into highly elongated single bodies ("void columns"). Such behaviour has been noted in theoretical models [13] , however the present results may be identified with a plane stress state (low lateral stresses) as compared to the high lateral stress condition considered in [13] . 
Discussion
From the tomography observations, the sequence of events during fracture of the present Al-Cu-Mg alloy sheet may be discerned as follows: initially the material displays a classically anisotropic intermetallic and pore distribution for a rolled material, both appearing as aligned chains elongated In the present analysis it is useful to recall the model by Tvergaard and Hutchinson [7] which provides a formulation and numerical analysis of a two-dimensional plane strain model with multiple discrete voids located ahead of a pre-existing crack tip. At initial void volume fractions that are sufficiently low, initiation and growth is approximately represented by the void by void mechanism [7] . At somewhat higher initial void volume fractions, a transition in behavior occurs whereby many voids ahead of the tip grow at comparable rates and their interaction determines initiation toughness and crack growth resistance [7] . 
Conclusions
• Kahn tear test on an Al-Cu-Mg sheet has shown toughness anisotropy: T-L samples are less tough than L-T samples.
• The evolution of voiding/damage during ductile crack growth has been observed via high resolution tomography in a high strength Al-alloy, showing the evolution of void growth and coalescence processes.
• i.e. are close to penny-shaped as coalescence occurs.
• The "sum along ray" representation of the crack in both samples elucidates that separation distances between coarse voids are shorter for crack growth in L direction than for crack growth in T direction , consistent with the measured toughness anisotropy.
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• Toughness trends are in semi-quantitative accord with recent local approach finite element models of idealised void shape, distribution and alignment effects, notwithstanding the simplifications required to make these comparisons. Tables   Table 1   alloy Table 1 Composition limits of alloy AA2139 in weight % shown, the void content appears significantly higher than the actual volume fraction). 
